We have used single-crystal x-ray diffraction, Raman spectroscopy, and magnetometry to investigate the effect of hydrostatic pressures up to 16 kbar on the molecular spin crossover complex [Fe II (bapbpy)(NCS) 2 ]. A stepped first-order transition from the high-spin (HS) to low-spin (LS) phase was observed upon compression of single-crystal samples. The intermediate phase (IP) is stable between 4 and 11 kbar at room temperature. This phase is characterized by supercell reflections and tripling of the c-axis of the unit cell (C2/c) due to the formation of a periodic [HS-LS-LS] structural motif, as seen in the thermal stepped transition. The pressure-temperature phase diagram reveals an anomalous increase of the thermal hysteresis widths with increasing pressure and the stabilization of the IP across the investigated P-T space.
I. INTRODUCTION
Intriguing two-step thermal high-spin → low-spin transitions in which the temperature dependence of the order parameter, n HS (T)-the high-spin fraction-displays a plateau at values of temperature for which 0 < n HS < 1 have been reported for a number of mononuclear 1 and multinuclear spin crossover (SCO) molecular complexes. [2] [3] [4] [5] [6] [7] [8] Mono-or multinuclear systems that have more than one crystallographically distinct SCO site prior to a stepped transition may be merely interpreted in terms of the individual sites having different chemical environments and/or intermolecular interactions and hence different ligand field and/or interaction parameters. That such metal sites may undergo SCO at somewhat different temperatures is certainly no surprise.
However, complexes in which crystallographically equivalent metal centers undergo stepped SCO have also been observed, and several theoretical models have been applied to explain such a phenomenon. For example, the complex [Fe (2-pic) 3 ]Cl 2 ·EtOH (where 2-pic = 2-picolylamine) is a well-studied mononuclear SCO material in which the stepped spin transition shows a concomitant re-entrant phase transition with an ordered HS-LS intermediate phase (IP). 9 Subsequently several other examples of thermally induced stepped SCO accompanied by spontaneous crystallographic symmetry breaking have been reported, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] revealing what was once thought to be a singular case of unusual SCO behavior might in fact be a rule. It is worth mentioning that a distinction should be made between magnetic symmetry breaking and crystallographic symmetry breaking accompanying the spin transition. The term "crystallographic symmetry breaking" is used here to refer to a change in symmetry of the entire system leading to long-range order of HS and LS sites in the intermediate phase. By contrast, magnetic symmetry breaking may refer only to a breaking of symmetry at the local scale, for example, in binuclear systems and makes no predictions as to the presence or absence of long-range order in the material. 21 The application of an external pressure may allow for the fine-tuning of energy gaps (P V) as well as for decoupling the crystallographic phase and spin-state transitions. 22 For example, in the [Fe(2-pic) 3 ]Cl 2 ·EtOH complex, the temperatureinduced spin transition does not show a step at 1.35 kbar applied pressure. 23 While thermally induced stepped spin transitions have been observed at elevated pressures, such a transition has never been observed in the isothermal regime purely as a function of pressure. A stepped transition with crystallographic symmetry breaking has not been observed in either regime; it is expected that increasing pressure will result in more gradual SCO behavior and thus possibly preclude such symmetry-breaking phase transitions. 24 However, it is certainly possible that the lack of such an observation is merely a result of the paucity of high-pressure structural studies in this field. 25 Indeed, the majority of high-pressure investigations involving SCO systems have used spectroscopic techniques or magnetic studies to characterize the effect of applied pressure on the spin transition. 26 Very few studies to date have used diffraction techniques to explore the relationship between structure and properties of SCO materials under pressure, [27] [28] [29] [30] but such investigations are essential to establishing the driving forces behind the pressure-induced spin transition, as well as to thorough investigation of more complex phenomena such as stepped transitions.
We present here a combined Raman spectroscopy, magnetometry, and x-ray diffraction study at high pressure for the investigation of a two-step SCO material, namely, [Fe(bapbpy)(NCS) 2 ] (1), where bapbpy = 6,6 -bis(amino-2-pyridyl)-2,2 -bipyridine (Fig. 1 ). This mononuclear complex is known to undergo a two-step thermal spin transition involving an ordered [HS-LS-LS] intermediate phase. 18, 19 Both steps involved in the spin transition are first order, show hysteresis associated with nucleation and domain growth phenomena, 31 and are accompanied by a crystallographic phase transition. In the intermediate phase one-third of the iron sites are in the HS state, and the remaining sites are LS. The structure of the molecule at 295, 190, and 110 K has been previously determined by single crystal x-ray diffraction and reported in the literature by S. Bonnet et al. 18 The HS phase is in the space group C2/c; on undergoing the first spin transition, the volume of the unit cell increases by a factor of three, increasing the number of molecules in the asymmetric unit from half a HS molecule (Z = . 33 Unlike in the case of [Fe(2-pic) 3 ]Cl 2 ·EtOH, where the HS and LS states are isostructural, the HS→IP→LS series of crystallographic phase transitions in 1 observed on cooling is not re-entrant. Previous investigations of the effect of pressure on the SCO properties of a powder sample of this material using superconducting quantum interference device (SQUID) magnetometry revealed that while the first step of the spin transition is shifted to higher temperatures on the application of pressure, the second step is supressed. 19 It should, however, be noted that the curves of the ambient pressure single crystal and powder samples are not exactly the same; 19 the nature (powder/single crystal) of the sample has a strong impact on the SCO properties, even at ambient pressure.
II. EXPERIMENTAL METHODS
A small screw-driven Diamond Anvil Cell (DAC) was used to generate pressure (at ambient temperature). It was equipped with either conical cut diamonds 34 for experiments involving crystal structure refinement or Drukker (simple) cut diamonds for Raman spectroscopic studies and measurement of lattice parameters. Both sets of diamonds have 800-μm culets and are supported by tungsten carbide support seats, allowing for an x-ray aperture of approximately 80
• and 40
• , respectively. In all experiments the general procedure for sample loading was the same. A steel gasket was preindented to a thickness of between 150 and 200 μm, and a hole of 350 μm was mechanically drilled through the center of the indentation to form a sample chamber. The chamber was filled with a single crystal of 1, two small ruby chips, and Fluorinert (FC-77) oil, which served as a pressure transmitting medium within the chamber to provide a hydrostatic environment at the sample. In all cases, pressure was incrementally increased by manually tightening each of the six screws on the DAC; it was not possible to decrease pressure in this manner. Pressure determination inside the cell was carried out using the standard ruby fluorescence method. 35 Due to the resolution of the spectrometer, errors on all measured values of pressure are estimated to be ±0.5 kbar.
For high-pressure x-ray diffraction measurements, the DAC was mounted on a standard Huber goniometer head. Diffraction data were collected using graphite monochromated Mo-K α radiation (λ = 0.71073Å) on an Oxford Diffraction Gemini diffractometer equipped with an EoS detector. Determination and refinement of cell parameters and integration of diffracted intensities (where appropriate) was carried out with CrysAlisPro. 36 Basic models derived from the ambient pressure phases were used as a starting point for refinement of structural parameters against high-pressure data on F 2 using SHELXL-97 37 and Olex2. 38 An absorption correction for the DAC and shadowing from the gasket was applied with Absorb 6.1. 39 Anisotropic temperature factors were refined for all non-hydrogen atoms, although restraints on these were applied for C and N atoms, necessary due to low data completeness. This is reflected in the relatively high number of restraints used in the refinements. The restrictions of the steel body of the DAC mean that access to the reciprocal space is severely limited. The low (2/m) symmetry of this sample results in substantially incomplete data (<65% to 50
• 2θ ), as reflected in the comparatively poor refinement statistics. This fact, while not unusual for high-pressure single crystal data sets from small molecule (low symmetry) systems, 40 means that a somewhat high number of restraints are necessary. A diffraction experiment was performed at ambient pressure with the crystal inside the cell to allow direct comparison to the previously published structure at ambient pressure and temperature.
Further combined variable pressure and temperature diffraction experiments were performed on beamline ID27 at the European Synchrotron Radiation Facility (ESRF; x-ray wavelength =0.3738Å), using a MAR 345 image-plate detector and a beam focused to a diameter of approx. 3 μm. The sample was enclosed in a gas membrane-driven CuBe DAC (culet diameter 600 μm) using a steel gasket; helium gas was used as the pressure transmitting medium. The cell was held in a helium cryostat for cooling the sample or in a heating collar for measurements above room temperature. Pressure determination was performed in situ using the ruby fluorescence technique. 35 (The pressure variation was less than 1 kbar while cooling from 300 K to 100 K.) Collected data at several values of pressure and temperature were indexed using CrysAlisPro. 36 Analysis of cell parameters allowed phase identification by comparison to the cell parameters of the thermal HS, IP, and LS phases, and a phase diagram was constructed.
High-pressure Raman spectra and ruby fluorescence spectra were acquired using a LabramHR (Horiba Jobin-Yvon) microspectrometer. The orientation of the sample crystal was kept constant during each measurement due to a significant dependence of peak intensities on orientation of the crystal with respect to the polarization direction of the incident laser beam. A HeNe laser (632.8 nm) was used as an excitation source; the beam was focused on a spot of approximately 2 μm via a 50× long-working-distance objective. The Rayleigh scattering was removed by a holographic notch filter, and the Raman spectra of the sample were recorded between 2000-2220 cm −1 , using a 1800 grooves/mm grating with a spectral resolution of ∼1 cm −1 . The ruby fluorescence spectra were recorded between 687 and 700 nm, using the same setup.
Magnetic susceptibility measurements at high pressure were carried out under a magnetic field of 1 T with heating and cooling rates of 0.5 K/min using a clamp-type cell made from hardened CuBe as previously described. 41 A pressure-transmitting oil (Alcatel-500) was used to ensure a hydrostatic environment at the sample. The pressure inside the cell was inferred from the temperature shift of the lead and/or tin superconducting transition, both of which are determined below 10 K. 42 These are the values quoted in the text, although the pressure inside the cell increases with temperature, at 300 K, reaching an estimated 1-2 kbar greater than that recorded at low temperature. Analysis of the high-pressure magnetic data was complicated by a strong diamagnetic contribution to the magnetization from the pressure cell and pressure-transmitting oil, as well as the inability to obtain an accurate value for the mass of the sample. Although suitable estimates of the diamagnetic contribution and mass of the sample were used to correct the data, absolute values of χ M T should be treated with caution.
III. MAGNETOMETRY
Variable temperature magnetic susceptibility data were recorded at various fixed pressures between ambient pressure and 5.2 kbar on crude powder samples of 1, 19 as well as on samples slowly recrystallized by liquid-liquid diffusion of methanol into Dimethylformamide (DMF) 18 between ambient pressure and 4.6 kbar (Figs. 2(a) and 2(b) ). For the powder sample, it is clear that while the hysteresis of the hightemperature step widens significantly on increasing pressure, the low-temperature transition becomes very distorted and nontrivial to rationalize. An even greater distortion of this second step was seen in the previous high-pressure magnetic study of this complex 19 (which also used a powdered form of 1) to such an extent that this low-temperature step was largely suppressed at elevated pressures. As this is not the case for a collection of single crystals, such distortion is attributed to the inhomogeneity of the precipitated powder. This might include impurities, strain, or grain size distribution. A difference in magnetic behavior between the powdered and recrystallized forms of 1 at ambient pressure has also been reported, 19 that the effect of pressure serves to amplify these differences is clear from the comparison of the curves presented in Fig. 2 . Detailed analysis of the structural differences between the powdered and recrystallized forms and the influence this has on the magnetic behavior under pressure is beyond the scope of this work, thus all subsequent Raman spectroscopic and x-ray diffraction measurements were performed on single crystals of 1.
For the recrystallized sample of 1, both the HS→IP and IP→LS steps remain characteristically abrupt up to 4.6 kbar; furthermore, the hysteresis loops of both steps widen as the pressure increases. The variation of the transition temperature on heating and cooling for both steps of the transition are plotted as a function of pressure for the crystalline sample in Fig. 2(c) . Linear fits to these data yield slopes [ T/ P, Fig. 2(d) ] that reveal both transition temperatures are increased by pressure as expected. These slopes are directly comparable with the Clapeyron slopes ( V/ S = 16 ± 2 and 14 ± 2 K/kbar for the first and second step of the transition, respectively 18 ) and fall in the range of previously reported values for mononuclear iron(II) SCO materials. 22, 43 Clearly both hystereses broaden as pressure increases, which is contrary to the expectation from the standard theoretical models. 23 Such theories do not, however, consider a change in crystallographic symmetry between the HS and LS states or indeed that the lattice itself can be pressure dependant. 46, 47 In the former, a crystallographic phase transition between the HS and LS states at ambient pressure was demonstrated by powder diffraction. 48 In the case of [Fe(PM-Bia) 2 (NCS) 2 ], at ambient pressure there is no difference in crystallographic symmetry between HS and LS states; however, the possibility of a second (pressure-induced) phase of this material that does show such a crystallographic transition between spin states has been postulated to explain the increase in width of the hysteresis above 6 kbar. 46, 47 An alternative explanation for the increase in hysteresis width is that there is an increase in the particle size distribution, for example, in the case of [Fe(bipy) 2 (NCS) 2 ], where the widening and flattening of the hysteresis is attributed to the mechanical grinding of the sample. 44 Such an effect can be ruled out in the case of 1, as the hysteresis broadening is reversible, with hysteresis widths of 6 K and 21 K for the HS→IP and IP→LS transitions, respectively, after decompression to atmospheric pressure from 4.6 kbar, as shown in the electronic supplementary information (Fig. S1 ).
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IV. RAMAN SPECTROSCOPY
The thermally induced HS, IP, and LS phases have been thoroughly characterized at ambient pressure using Raman spectroscopy and characteristic modes have been assigned to Fig. 3(a) , very similar spectral changes can be observed under compression at room temperature, thus enabling the assignment of HS, IP, and LS phases to the sample at each pressure by analogy to the thermal evolution at ambient pressure. The ratio of the integrated area of the ν CN modes has previously been used to reproduce the thermal two-step transition behavior. 31 In this study a ratio of ∼25% was shown to correspond to the intermediate phase, characterized by the HS-LS-LS motif. The variation of the HS fraction, n HS , as a function of pressure as deduced from the high-pressure Raman data is given in Fig. 3(b) . Between atmospheric pressure and 3.4 kbar, the complex in is the high-spin state. On increasing the pressure, a plateau can be clearly observed between 5.1 and 10.4 kbar, corresponding to the intermediate phase. Above 12.5 kbar only the LS state is present. At no pressure is there any indication of the presence of more than one phase revealing that the HS→IP and IP→LS transitions are discontinuous (within less than 0.5 kbar), even as a function of pressure. If one considers also the data obtained from the x-ray diffraction experiments (vide infra) the n HS (P) curve in Fig. 3(b) is indicative of two first-order transitions, by analogy with the thermal phase transitions. Due to experimental limitations, it was not possible to measure the effect of decreasing pressure on the transition, and thus the possible presence of piezo-hysteresis could not be directly measured. However, extrapolation of the linear fits of the transition temperatures as a function of pressure shown in Fig. 2 indicates that hysteresis loops with widths of 0.6 and 2.9 kbar would be expected at 295 K for the HS→IP and IP→LS transitions, respectively.
V. X-RAY DIFFRACTION
In an effort to determine whether this pressure-induced stepped spin transition is accompanied by a crystallographic symmetry breaking analogous to that observed during the thermal transition or by other pressure-induced structural changes, high-pressure, single-crystal x-ray diffraction experiments were performed. Diffraction techniques can provide important information in the study of SCO. For example, the analysis of bond lengths and angles at the iron center can unambiguously allow assignment of spin state, and in the case of an intermediate state between pure HS and LS, it provides information regarding the distribution of domains or long-range order of different sites.
Cell parameters for 1, determined from the sample inside the DAC at seven pressures between ambient and 12.7 kbar, are presented in Table I . A tripling of the c-axis was observed at 8.0 and 9.7 kbar, demonstrated by the appearance of supercell reflections at (h,k,l ± 1/3) relative to the lattice at ambient pressure. At 12.7 kbar the diffraction pattern is complicated by the presence of multiple peaks, which cannot be assigned to one lattice. This same feature was observed in the LS phase at low temperatures and was attributed to twinning occurring with the lowering of symmetry from 2/m to1 during the IP→LS transition. The twin law is such that the peaks overlap strongly at low angle, while they are well resolved at higher θ values. As the high-pressure experiments were carried out at ambient temperature, diffraction from the pressure-induced LS species is not observed to as high an angle as in the low-temperature LS state. Consequently, the peaks are not well resolved, and although it was possible to index one component of the diffraction pattern to a comparable primitive cell as the low-temperature LS state, additional components could not. The pressure-induced structural transformation is reversible, as evidenced by the cell parameters measured after decompression of the sample from 12.7 kbar (Table I) . Hence, the multiple peaks observed in the diffraction pattern at 12.7 kbar are not indicative of disintegration of the crystal but are rather significant of the structural and spin transitions. It is thus concluded that the pressure-induced LS state is structurally similar to that observed at low temperature, which is also supported by the similarity of Raman spectra of the pressure-and temperature-induced LS phases (see electronic supplementary information).
X-ray diffraction data were also collected at ambient pressure (inside the DAC), 4.6 and 10.9 kbar with a view to structural refinement of the pressure-induced IP and LS phases. Selected bond distances and angles from the refinement at ambient pressure and 4.6 kbar are presented in Table II , along with those obtained by Bonnet et al. 18 from their variable temperature study. The LS phase was identified at 10.9 kbar, but it was not possible to refine the structure due to the previously mentioned structural complications associated with this phase. The c-axis tripling on passing from HS→IP phase may be clearly seen in the diffraction pattern; pseudoprecession images of the (h0l) plane reconstructed from the diffraction images are shown in Fig. 4 . The ambient pressure structure (inside the DAC) shows no significant differences from that previously published, other than the expected reduction in quality of the refinement statistics, attributable to the restrictions of the DAC as described previously. The structure at 4.6 kbar is isostructural with the intermediate phase determined at ambient pressure (190 K). 18 Detailed analysis of the crystal structure at 4.6 kbar is given in the electronic supplementary information, along with comparison to the isostructural intermediate phase structure from the ambient pressure study at 190 K.
The spin state was assigned to each Fe II center by considering the volume of the octahedron defined by the six ligating nitrogen atoms (V p ). This measure allows for a simple comparison of the coordination geometry (both bond lengths and angles) at different iron centers. Typically this volume is approximately 25% larger in the HS rather than LS state. 25 In the previous study, the value for V p in the HS phase was 12.5Å 3 , and V p (HS) and V p (LS) in the intermediate phase were 12.4 and 9.8Å 3 , respectively. 18 At 4.6 kbar there are two distinct iron centers, one of which resides on a twofold rotation axis. The iron atom Fe2, which is located on the special position, has V p = 12.4(1)Å 3 (HS state) and that which is located on a general position has V p = 9.8(1)Å 3 (LS state). The single-crystal x-ray diffraction experiment therefore reveals that the ratio of HS to LS centers in the structure at 4.6 kbar is 1:2. Furthermore there is long-range order of the [HS-LS-LS] motif throughout the crystal, as shown in Fig. 5 .
The pressure-temperature phase diagram of 1, derived from diffraction data from the previous ambient pressure study 33 and data collected at high pressure on beamline ID27 at the ESRF is shown in Fig. 6 41 it is clear that in 1, the IP may be observed across a large range of temperature and pressure. The linear fit of the transition temperatures of both transitions (obtained from magnetic Fig. 2(c) . The dashed line shows that of the IP→LS transition (slope = 13 K/kbar). measurements) is also indicated in the figure, and there is good agreement between the two methods. Slight discrepancies between the results obtained from diffraction methods and the magnetic study are attributed to the experimental error involved with pressure determination for both techniques, particularly the intrinsic difference in pressure inside the magnetic cell between the temperature at which the pressure is measured and the transition temperature, as described in the experimental section.
VI. DISCUSSION AND CONCLUSIONS
To a first approximation, the effects of pressure on the SCO phenomenon are simply related to the volume change of the unit cell accompanying the SCO and the associated change of the HS-LS energy gap by the work term (P V). From a thermodynamic point of view, these effects can be described by the well-known equation of state:
where H HL , S HL , and V HL stand for the enthalpy, entropy, and volume changes accompanying the spin-state change, respectively, and is a phenomenological (mean-field) interaction constant. Across a relatively narrow range of T-P, these parameters can be considered independent of temperature and pressure. Hence, with increasing pressure a linear shift of the transition to higher temperatures and a decrease of the hysteresis width (or the slope of the transition curve) can be predicted. However, the experimental observations do not fit these expectations in many cases. Indeed, in past decades a variety of SCO behaviors under applied pressure have been reported in the literature, including "anomalous" phenomena such as increasing or nonmonotonously changing thermal hysteresis widths, a pressure-induced shift of the thermal transition curve without a change of its shape, stabilization of the HS phase, or a nonlinear shift of T c .
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The reason behind this variety of behavior is that pressure is coupled to the order parameter by various mechanisms, which remain largely unexplored up to now. For example, coupling between structural phase transformations and SCO is often evoked in the literature, but the interpretation of the experimental observations has been at times compromised by the relatively poor and incomplete spectral and structural information provided by the detection methods or due to the experimental difficulties related to the need for hydrostatic conditions at low temperatures. It is thus important to underline that the combined complimentary techniques used in the present study of [Fe II (bapbpy)(NCS) 2 ] allowed us to map the pressuretemperature phase diagram with unprecedented detail. The influence of pressure on the thermal two-step transition and the hysteresis of both steps were found to be rather unexpected in this compound. In particular, one shall note that the thermal hysteresis width of both transitions increases with pressure, which is quite unusual. The presence of a two-step spin transition under pressure at ambient temperature was also revealed in conjunction with a crystallographic symmetry breaking that accompanies both (first-order) steps as a function of pressure. Further diffraction experiments across a range of both temperature and pressure confirmed that the ordered HS-LS-LS intermediate phase is stable across a wide region of pressure and temperature values. In other words, the same HS↔IP↔LS sequence of spin and crystallographic transitions has been observed within the whole investigated P-T space. This thorough description of pressure-induced magnetostructural correlations in 1 provides a reliable platform for testing the validity of different models of SCO proposed in the literature.
We finish with a few remarks on the theoretical prospects. In order to reproduce the experimentally observed two-step (1:2) thermal transition in 1, we previously proposed the use of an extension to the "standard" mean-field approximation Isinglike model 49 with three interacting sublattices. 19 Indeed, when applied to the thermal evolution of the high-spin fraction (n HS ) at atmospheric pressure, this model closely reproduces the experimentally observed equilibrium temperatures, hysteresis loop widths as well as the plateau around n HS = 1/3 ( Fig. 1) . However, in the (p, T) plane this model cannot describe the experimentally observed phase diagram-in particular the hightemperature piezo-hysteresis loops (see details in the electronic supporting information). Indeed, in its mean-field form, the Ising-like model is equivalent to the thermodynamic models. On the other hand, the microscopic origin of the Ising-like model provides a flexibility, which allows the consideration of correlations between molecules with the help of numerical 50 or analytical 51, 52 methods. Hence this model could be extended to provide insights into the electron-phonon coupling involved in two-step spin transitions. 53, 54 Using anharmonic interaction potentials, 55 one might also access the thermoelastic coefficients of the system, which can then be compared to experimental x-ray diffraction data. Another approach-the so-called elasticity theory-was proposed by Spiering et al. for modeling of various SCO behaviors-including stepped transition curves. 44, 56 Monte Carlo techniques have been also implemented with good fit to the experimental two-step n HS (T) curves in the isobaric regime. 57 These authors were also the first to predict the establishment of a "chessboard structure" in the IP. 58 The interesting feature of their model is that it takes into account explicitly the temperature and pressure dependence of the relevant properties of the crystal lattice. For example, through the volume dependence of the bulk modulus, it was possible to simulate the anomalous increase of the hysteresis width. Finally, it should be noted that Landau theory has been also applied to the problem of stepped spin transitions and extended to include the possibility of crystallographic symmetry breaking with long-range order of HS and LS sites at the plateau in both the isothermal and isobaric regimes. 59 Although this model is based solely on symmetry-based arguments, it was used to describe rather satisfactorily the symmetry breaking observed in [Fe(2-pic) 3 ]Cl 2 ·EtOH 9 and the increasing width of the thermal hysteresis of general systems, showing first-order transitions have also been discussed by considering the coupling of elastic strain and the order parameter. 60 
